Received: 14 June 2018 | Revised: 8 November 2018

Accepted: 18 November 2018

DOI: 10.1111/cea.13353

ORIGINAL ARTICLE

Epidemiology of Allergic Disease

WILEY

Parental asthma and risk of autism spectrum disorder in
offspring: A population and family-based case-control study

Tong Gong?? | Cecilia Lundholm? | Gustaf Rejno'® | Sven Bolte*® |

Henrik Larsson® | Brian M. D'Onofrio’ | Paul Lichtenstein! | Catarina Almqvist®®

1Department of Medical Epidemiology and
Biostatistics, Karolinska Institutet,
Stockholm, Sweden

2Woolcock Insitute of Medical Research,
University of Sydney, Sydney, New South
Wales, Australia

3Obstetrics and Gynaecology Unit,
Sodersjukhuset, Stockholm, Sweden

“Center of Neurodevelopmental Disorders
at Karolinska Institutet (KIND), Center for
Psychiatric Research, Department of
Women's & Children's Health, Karolinska
Institutet & Child and Adolescent
Psychiatry, Stockholm Health Care Services,
Stockholm County Council, Stockholm,
Sweden

SCurtin Autism Research Group, School of
Occupational Therapy, Social Work and
Speech Pathology, Curtin University, Perth,
Western Australia, Australia

6School of Medical Sciences, Orebro
University, Orebro, Sweden

“Department of Psychological and Brain
Sciences, Indiana University, Bloomington,
Indiana, USA

8pediatric Allergy and Pulmonology Unit,
Astrid Lindgren Children's Hospital,
Karolinska University Hospital, Stockholm,
Sweden

Correspondence

Catarina Almqvist, Department of Medical
Epidemiology and Biostatistics, Karolinska
Institutet, Stockholm, Sweden.

Email: catarina.almqvist@ki.se

Funding information
Forskningsradet om Halsa, Arbetsliv och

Viélfard, Grant/Award Number: 2015-00289;

HKH Kronprinsessan Lovisas foérening for
barnasjukvard; Vetenskapsradet, Grant/
Award Number: 340-2013-5867;

Summary

Background: Associations between parental asthma and prenatal exposure to
asthma medications with offspring autism spectrum disorder (ASD) have been
reported. However, the associations might be confounded by unmeasured (genetic
and shared environmental) familial factors.

Objective: We investigated the association between (a) maternal/paternal asthma
and offspring ASD, and (b) prenatal exposures to p2-agonists, other asthma medica-
tions and offspring ASD using cases and controls selected from the population as
well as biological relatives with different degrees of relatedness.

Methods: We included all children (N = 1 579 263) born in Sweden 1992-2007. A
nested case-control design was used to compare 22 894 ASD cases identified from
the National Patient Register to (a) 228 940 age-, county- and sex-matched controls
randomly selected from the population, (b) their eligible full-siblings (n = 1267), (c)
half-siblings (n = 1323), (d) full-cousins (n = 11 477) and (e) half-cousins (n = 3337).
Conditional logistic regression was used to estimate the odds ratios (OR) and 95%
confidence intervals (Cl) for ASD in children differentially exposed to parental
asthma or prenatal asthma medications.

Results: Maternal asthma was associated with increased risk of offspring ASD
(OR 1.43, 95% Cl 1.38-1.49); there was a weaker association for paternal
asthma (OR 1.17, 95% Cl 1.11-1.23). The risk of offspring ASD in mothers with
asthma showed similar estimates when adjusting for shared familial factors
among paternal half-siblings (OR 1.20, 95% Cl 0.80-1.81), full-cousins (OR 1.28,
95% Cl 1.16-1.41) and half-cousins (OR 1.30, 95% Cl 1.10-1.54), albeit
with wider confidence intervals. Prenatal exposure to asthma medications
among subjects whose mothers had asthma was not associated with subsequent
ASD.

Conclusions and Clinical Relevance: In this large observational study, parental
asthma was associated with slightly elevated risk of ASD in offspring. More specifi-
cally, the increased risk by maternal asthma did not seem to be confounded by
familial factors. There was no evidence of an association between asthma medica-
tions during pregnancy and offspring ASD.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | INTRODUCTION

Autism spectrum disorder (ASD) is a complex neurodevelopmental
disorder defined by persistent deficits in social communication and
social interaction alongside restricted, repetitive patterns of beha-
viour, interests, or activities.? The aetiology of ASD is unclear. In
clinical care, comorbidity between maternal asthma and offspring
neuropsychiatric disorders has been seen* and several studies have
examined the possible contributions of parental asthma and allergy
on ASD in offspring.6® Nevertheless, it is yet unknown if there is a
causal link between asthma in parents and ASD in offspring.

First, the association could be explained by shared environmental
and/or genetic factors within the family. Previous studies have
focused on the increased risk of ASD by maternal asthma, but an
association with paternal asthma has not been consistently found.®®
Furthermore, the association of parental asthma and ASD in off-
spring has not been investigated across samples with genetic relat-
edness. If the risk of ASD in offspring to parents with asthma
diminishes or is attenuated when comparing cases with their family
members, it is more likely that shared familial factors confound the
association. Conversely, if the association remains, then a potential
causal explanation would be more likely.” Therefore, comparing
cases with extended family members, for example, siblings (on aver-
age sharing 50% genetic materials), half-siblings (sharing 25%), full-
cousins (sharing 12.5%), half-cousins (sharing 6.25%) and biologically
unrelated controls from the general population is informative to fur-
ther evaluate the potential role of shared environmental and/or
genetic factors.” !

Second, the potential association between parental asthma and
offspring ASD may be due to unique environmental exposures
related to asthma, such as exposure to medication use during preg-
nancy. Previous studies have suggested a linkage between prenatal
exposure to p2-agonists, subsequent ASD and other developmental

disorders'?15

caused by over-stimulating the p2-adrenergic receptor
during gestation and altering foetal neurodevelopment.?®” Further-
more, a few studies have examined short-term effects of prenatal
exposure to other asthma medications, including inhaled corticos-
teroids, as well as leukotriene antagonists,m'21 but none has focused
on long-term outcomes such as offspring ASD. Thus, there is reason
to believe that the potential association between parental asthma
and offspring ASD could be attributed to prenatal exposure to
B2-agonists and/or other asthma medications.

In this population-based nested case-control study, we investi-
gated the association between parental asthma and use of asthma
medication during pregnancy with the risk of ASD in offspring. First,
the association between maternal/paternal asthma and offspring

ASD was estimated using cases and various types of controls

selected from the population and among biological relatives with dif-
ferent degrees of relatedness. Second, we investigated the associa-
tion between prenatal exposures to p2-agonists, other asthma
medications and offspring ASD by comparing cases with unrelated

and sibling controls.

2 | METHODS

This nested case-control study was based on data linkage of several
Swedish registers via unique personal identity numbers.?? Detailed
information on each register and variable used are found in
Table E1. Briefly, we selected a birth cohort from the Medical Birth
Register (MBR) including more than 99% of all singletons born in
Sweden between 1 January 1992 and 31 December 2007
(N =1 579 263) as index persons,?® and followed them until 31
December 2013 (due to in-house data availability at the time of
analysis), emigration or death. Through the Multi-Generation Register
(MGR), more than 95% of the index persons were linked to their
biological mothers, fathers, siblings and cousins (Figure 1, for flow

chart).2*

2.1 | Selection of cases

We identified ASD cases from the National Patient Register (NPR),
where a primary or secondary diagnosis of ASD was recorded
according to the International Classification of Diseases 9th and
10th revisions (299 for ICD-9 and all F84s for ICD-10, respectively).
The National Patient Register (NPR) has complete coverage of inpa-
tient diagnoses from 1987 and about 80% of the outpatient diagno-
sis from 2001 and onwards.2> In the NPR, a high positive predictive
value has been noted for most diagnoses, including psychiatric
ones.?” Furthermore, the ASD definitions using ICD codes have been
validated in a previous study,?® where 96% of the ASD cases within
Stockholm County identified from the national and regional registers

could be verified by medical records.

2.2 | Selection of controls

First, incidence density sampling was used to select 10 biologically
unrelated controls for each ASD case. Controls were matched on
birth year, sex and county of residence, which allowed us to
increase the statistical efficiency without introducing selection bias,
and to balance the distribution of such characteristics in both
group.

Second, half-siblings, full-cousins and half-cousins of each case as
potential controls were identified through the MGR. Controls were
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)Selection of unrelated controls from the birth cohort

| A birth cohort with children born in Sweden between 1992.01.01 and 2007.12.31 (n = 1 579 263) |

Excluding stillbirths and multiple births (n = 51 53511/

Children included in the study (n = 1 527 728) |

22 894 ASD
cases

< Matching on birth year, gender, N

)]

228 940 biologically
unrelated controls

ASD status

Selections of full-siblings

Children included in the study (n = 1 527 728) |

—

| 22 894 ASD cases |

Eligibility criteria
1. born from 1995;

2. mothers with asthma;
3. Having at least one full-sibling control with

26 804 full-sibling controls |
Eligibility critieria
1. born from 1995;

2. mothers with asthma;
3. Been followed up long enough.

equivalent length of follow-up.

1113 cases

l

| 1293 full-sibling controls |

(C)Selections of half-siblings, full-cousins, and half-cousins

Children included in the study (n =1 527 728) |

N

e N

22 894 19 404 half- 22 894 99 281 full- 22894 36 627 half-
ASD sibling ASD cousin ASD cousin
cases controls cases controls cases controls

Eligibility criteria: Eligibility criteria:  Eligibility criteria: Eligibility criteria: Eligibility criteria: Eligibility criteria:

having at least

See the figure

having at least ~ See the figure  having atleast ~ See the figure

one half-sibling legend. one full-cousin  legend. one half-cousin legend.
FIGURE 1 Overall representation of control. control. control.
the study populations. The eligibility ‘ l l l
criteria of being at risk at the age when
the case was diagnosed holds for all 1323 1323 half- 11 477 11 477 full- 3337 3337 half-
controls. Matching on sex and <5 years of ASD <] sibling ASD [<—>| cousin ASD <> cousin
age difference holds for all controls in cases controls cases controls cases controls
panel (C) Matching Matching Matching

eligible if they had the same sex, <5 years of age difference to the
case (in order to have complete follow-up from birth in the NPR),
were singletons, and still at risk (ie, ASD free and still under follow-
up) at the age the case received an ASD diagnosis. In case of multi-
ple eligible controls from the same extended family, we randomly
selected one half-sibling, full-cousin and half-cousin for each case.
Third, we used the MGR to identify all full-siblings of each case
born from January 1995 due to the data availability on medication
use. The full siblings with maternal asthma still at risk at the age
the case received an ASD diagnosis were eligible as controls for the
analysis on asthma medication use during pregnancy (but not for the
parental asthma comparisons as they share the same exposure).

2.3 | Exposure assessment

We used records from any of the three registers, that is, MBR, NPR
and the Swedish Prescribed Drug Register (SPDR) to identify asthma

ever, as an indicator of chronic disease, for biological parents of
cases and controls. In MBR, a tick-box for asthma/lung diseases ever
for the mother was indicated at her first antenatal visit from 1992
onwards. In NPR, we used any primary diagnosis of asthma from
outpatient visits since 2001 or hospitalization records since 1961
(see Table E2 for diagnostic codes). In SPDR, we defined asthma as
having >2 dispensed packages of inhaled corticosteroids (ICS), leuko-
triene antagonists (LTRA), fixed-dose p2-ICS combinations from July
2005, or having >3 packages of ICS, LTRA, fixed-dose p2-ICS combi-
nations, or inhaled p2-agonists within 12 months from July 2005 for
individuals (see Table E3 for all Anatomical Therapeutic Chemical
codes), based on a previous validation study.?” The reason we chose
to define parental “asthma ever” as exposure was twofold. First, the
NPR does not include diagnostic information from primary health-
care centres whereas the SPDR allows us to identify most prevalent
cases since 2005 through the validated measure,?” reducing the pos-

sibility of exposure misclassification. Second, some asthma cases can
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be intermittent and may have been present at an earlier age or in
later adulthood. Thus, the “asthma ever” definition of exposure
would capture more intermittent asthma cases than the “asthma
before child birth” definition of exposure over the study period. Par-
ental asthma ever was categorized as asthma from either parent
(yes/no), maternal asthma (yes/no) and paternal asthma (yes/no) for
analysis.

Information on asthma medication use during pregnancy was
retrieved from two sources, that is, midwife-reported medication use
during pregnancy in MBR since 1995 or dispensed medications at
pharmacies recorded in SPDR since July 2005. Two forms of p2-ago-
nists were particularly addressed in the study, as systemic p2-ago-
nists (ie, oral and injection) used to be mainly administered to
suppress premature labour, while inhaled p2-agonists were primarily
indicated for asthma. We categorized the exposure to asthma, p2-
agonists and other asthma medications into four mutually exclusive
groups: with asthma but no medications, systemic p2-agonists only,
inhaled p2-agonists with or without other asthma medications, and
other asthma medications without any p2-agonists.

24 | Covariates

Socio-economic characteristics, including maternal civil status, par-
ental country of birth and highest education of parents by the end
of the year of child birth, were retrieved from the longitudinal
integration database for health insurance and labour market stud-
ies. Other background characteristics (maternal body mass index
(BMI) at first antenatal visit, smoking during pregnancy and mater-
nal age at delivery, mode of delivery, parity, gestational age and
birth weight) were retrieved from MBR. Paternal age at child birth
came from the Total Population Register. Maternal diagnoses dur-
ing pregnancy and delivery (pre-eclampsia, pre-gestational and ges-
tational diabetes, premature rupture of membranes, premature
contraction, placental abruption and haemorrhage) were retrieved
from MBR and NPR. Family history of psychiatric disorders was
defined as any psychiatric diagnosis (yes/no) from NPR for each
parent. Information on maternal asthma exacerbation history was
retrieved from NPR and PDR and defined as having >1 emergency
visit or hospital admission for asthma, or having dispensed >1
package of oral corticosteroid during the 12-month period prior to

the pregnancy.

2.5 | Statistical analyses

Statistical Analysis Software 9.4 (SAS Institute, Cary, NC) was used
to conduct conditional logistic regression analyses and estimate
odds ratios (OR) with 95% confidence intervals (Cls) of all analyses
on parental asthma, use of asthma medication during pregnancy
and offspring ASD. In addition to crude models, we also provide
estimates adjusted for parity, maternal smoking, BMI, and civil sta-
tus, parental age, country of birth, and education. A directed acyclic
graph was used to identify potential confounders and mediators
based on prior knowledge and a priori assumptions on causal

relationship (Figure E1 and eMethods for detailed information). In
the analyses with the unrelated matched controls, the conditional
analysis automatically gave adjustment for the matching variables
(age, sex and county).

First, the association between parental asthma and offspring ASD
was estimated using cases and unrelated controls. We further tested
if the association was moderated by sex, county of residence, mater-
nal smoking during pregnancy, family history of psychiatric disorders
and parental education by introducing an interaction term in the
model. The independent effect and effect modification of maternal
and paternal asthma were analyzed by mutual adjustment and interac-
tion test. Sensitivity analyses were performed to explore the result
robustness by gestational age, birth weight, maternal BMI, information
sources of asthma and timing of maternal asthma, that is, before or
after pregnancy (see eMethods for detailed descriptions).

Second, we performed separate analyses by comparing cases
with (a) maternal half-sibling controls to estimate the effect of pater-
nal asthma ever (ie, case and control exposed to different biological
fathers w/without asthma); (b) paternal half-sibling controls to esti-
mate the effect of maternal asthma ever (ie, case and control
exposed to different biological mothers w/without asthma); and (c)
full-cousin and half-cousin controls to estimate the effects of mater-
nal and paternal asthma, respectively. These comparisons allowed us
to account for unmeasured familial confounding factors shared by
cases and their relatives, as well as the measured confounders men-
tioned above (full-sibling controls sharing the same parental asthma
ever with cases were not used here). If the association remains when
comparing cases to sibling and cousin controls, this indicates that
parental asthma is a potential causal risk factor for offspring ASD. In
contrast, if the risk of ASD diminishes or is further attenuated, this
indicates that familial factors shared between siblings and/or cousins
confound the association.

Third, to investigate the association between prenatal exposures
to p2-agonists, other asthma medications during pregnancy and ASD,
different subsets of cases were compared to matched unrelated and
full-sibling controls if their mothers had asthma or took asthma med-
ications during pregnancy.

The Regional Ethical Review Board in Stockholm, Sweden
granted permission for the study, Dnr 2013/862-31/5, and individual

information was de-identified by the register holders.

3 | RESULTS

Characteristics of all study populations are presented in Table E4 and
Table E5 and described in eResults section of the online repository text.

3.1 | Parental asthma and offspring ASD

Among 22 894 cases compared to 228 940 unrelated controls from
the birth cohort, more mothers were single or with other civil status
at the year of child birth (15% among cases vs 9.3% among controls),
smoked during pregnancy (19.5% vs 13.7%), and had pregnancy- and
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(A) Risk by maternal asthma

nr of individuals exposed

Adjusted
among cases/controls OR (95% Cl)

Cases vs. unrelated controls (22 894/228 940)

Maternal asthma e 4604/32 650 1.43 (1.38, 1.49)
Cases vs. half-cousin controls (3337/3337)

Maternal asthma k = |* 778/607 1.30 (1.10, 1.54)
Cases vs. full-cousin controls (11 477/11 477)

Maternal asthma —a—* 2246/1749 1.28 (1.16, 1.41)
Cases vs. paternal half-sibling controls (622/622)

Maternal asthma k i 160/131 1.20 (0.80, 1.81)

T T T
0.5 1.0 1.5 2.0
(B) Risk by paternal asthma

Cases vs. unrelated controls (22 894/228 940)

Paternal asthma —a—* 1998/16 931 1.17 (1.11,1.23)
Cases vs. half-cousin controls (3337/3337)

Paternal asthma k = { 289/254 1.11(0.87, 1.42)
Cases vs. full-cousin controls (11 477/11 477)

Paternal asthma 71— 945/837 1.03 (0.90, 1.17)
Cases vs. maternal half-sibling controls (701/701)

' Paternal asthma, | 58/59 0.73 (0.38, 1.38)
T T T
0.5 1.0 15 2.0

®  Adjusted ORs

H Adjusted 95% Cls

FIGURE 2 Adjusted odds ratios (OR) and 95% confidence intervals (Cl) of offspring autism spectrum disorders (ASD) by parental asthma
when comparing cases with unrelated controls, half-cousin, full-cousin, and maternal/paternal half-sibling controls nested in the birth cohort.
Panels (A and B) show the estimates for maternal asthma and paternal asthma separately, after adjusting for parity, maternal smoking during
pregnancy and civil status at year of child birth, country of birth and age at child birth for mothers and fathers, highest education between
parents, and maternal body mass index at first antenatal visit. The asterisks were used to indicate statistically significant associations

delivery-related complications (see Table E4). Maternal asthma was
associated with 43% increased odds of ASD overall when compared
to unrelated controls (adjusted OR 1.43, 95% Cl 1.38-1.49, Figure 2
and Table E6). In the comparisons within extended families, point
estimates for the association between maternal asthma and offspring
ASD were similar for half-siblings (adjusted OR 1.20, 95% Cl 0.80-
1.81), full-cousins (adjusted OR 1.28, 95% Cl 1.16-1.41) and half-
cousins (adjusted OR 1.30, 95% Cl 1.10-1.54) although with wide
confidence intervals and not all being statistically significant (Fig-
ure 2 and Table E7). The results were similar when mutually adjust-
ing for paternal asthma (Table E8).

We observed an association between paternal asthma and off-
spring ASD (adjusted OR 1.17, 95% Cl 1.11-1.23) when compared
to unrelated controls (Figure 2 and Table E6). However, the esti-
mate was attenuated in comparisons for cases and their extended
family members [(adjusted OR 0.73 (95% Cl 0.38-1.38) for half-
siblings, OR 1.03 (95% Cl 0.90-1.17) for full-cousins, and OR 1.11
(95% Cl 0.87-1.42) for half-cousins, Figure 2 and Table E7]. No
interaction was observed between maternal and paternal asthma
(Table E8).

The estimates were similar when further adjusted for potential
mediators (Table Eé). Moreover, there was no evidence that these
associations were modified by child sex, maternal smoking during
pregnancy, county of residence, family history of psychiatric disor-
ders, or parental education (Figure E2, all interaction P-values

>0.05). Results of sensitivity analyses showed similar estimates for

maternal and paternal asthma in subgroups with normal birth
weight and gestational age, maternal BMI, and when asthma was
identified from different information sources. When limiting the
analysis to children born 2006 to 2007 (ie, with full exposure
information from all three registers), we found an association of
maternal but not paternal asthma with offspring ASD. There were
no differences by parental asthma identified before and after preg-
nancy (Tables E9 and E10).

3.2 | Use of asthma medication during pregnancy
and offspring ASD

Table E5 shows the characteristics of 3507 cases and 5350 unre-
lated controls eligible for the analyses of prenatal exposure to
asthma medications and subsequent ASD. In comparison with the
previously described characteristics of the study population, similar
patterns of maternal background factors were observed among eligi-
ble cases and unrelated controls for the medication analysis. Among
mothers with asthma, offspring prenatally exposed to different types
of asthma medications, for example, inhaled p2-agonists did not have
increased risk of subsequent ASD (adjusted OR 1.02, 95% CIl 0.85-
1.24) compared to offspring of asthmatic mothers without any
medications. Furthermore, using full-sibling controls, adjusting for
pregnancy- and delivery-related factors measured in the study, as
well as for maternal exacerbation history did not seem to change the
result (Table 1, Tables E11 and E12).
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Comparing ASD cases to unrelated controls
With asthma but no medications

Systemic 2-agonists only

Comparing ASD cases to their full-sibling controls?
With asthma but no medications

Systemic 2-agonists only

GONG ET AL
TABLE 1 Association between use of asthma medication during pregnancy and offspring ASD
OR (95% ClI)
No. of cases/controls Model 1? Model 2P
3507/5350
2747/4208 Ref Ref
225/336 1.03 (0.85, 1.25) 0.96 (0.76, 1.22)
Inhaled B2-agonists with or without other asthma medications 380/536 1.04 (0.89, 1.22) 1.02 (0.85, 1.24)
Other asthma medications without any type of p2-agonists 155/270 0.84 (0.67, 1.06) 0.75 (0.57, 0.99)
Model 3? Model 4¢
1133/1293
930/1066 Ref Ref
49/52 1.24 (0.75, 2.05) 0.88 (0.50, 1.55)
Inhaled p2-agonists with or without other asthma medications 105/118 1.00 (0.70, 1.42) 1.03 (0.67, 1.58)
49/57 1.01 (0.64, 1.59) 0.87 (0.50, 1.51)

Other asthma medications without any type of p2-agonists

ASD, autism spectrum disorders; Cl, confidence interval; OR, odds ratio.
®Model 1 and 3 did not adjust for any covariates.

PModel 2 adjusted for birth year, parity, maternal smoking during pregnancy and civil status, country of birth and age for mothers and fathers, highest

education between parents, and maternal BMI at first antenatal visit.

“Model 4 adjusted for birth year, parity, maternal smoking during pregnancy, age for mothers and fathers, highest education between parents, and

maternal BMI at first antenatal visit.
dAnalyses using half-sibling, and cousin controls are available on request.

4 | DISCUSSION

We found an increased risk of offspring ASD with maternal asthma
and a weaker, but significantly increased risk with paternal asthma.
The association between maternal asthma remained similar in magni-
tude within extended families, suggesting that genetic and environ-
mental factors shared by half-siblings and cousins did not seem to
confound the association with maternal asthma. Comparing to the
maternal effect, the observed association between paternal asthma
and offspring ASD, however, seems to be confounded by shared
familial factors. Moreover, we did not observe any statistically signif-
icant difference in offspring ASD risk for asthmatic women medi-
cated with p2-agonists or other asthma medications during
pregnancy compared to those without medications, which suggests a
possible biological effect related to the maternal asthma, not medi-

ated by medications.

4.1 | Risk of offspring ASD by parental asthma

Our findings are consistent with the results from a case-control
study by Croen et al,’ which reported a moderately positive asso-
ciation between maternal asthma and ASD in offspring, particularly
in asthma diagnosed prior to and during pregnancy (OR 1.6, 95%
Cl 1.2-2.2). However, Lyall and colleagues found no association
between maternal asthma or allergies overall and offspring ASD in
another case-control study.® Characteristics of cases, study time
periods, and the prevalence of maternal asthma before and after
pregnancy may all contribute to differences between studies. For
example, a cohort study by Langridge et al” showed a strikingly
similar finding as ours for ASD without intellectual disability, with

40% increased risk with maternal asthma. Yet, they observed no
association on ASD with intellectual disability, which could be due
to either the relatively lower reported rates of ASD in Australia,
or exclusion criteria from their cohort. Therefore, we speculate
that children of mothers with asthma have increased susceptibility
to develop ASD. Furthermore, Croen et al. observed more than
doubled risk of offspring ASD by maternal asthma and allergies
identified in early- and mid-pregnancy® but this was not confirmed
by Lyall et al.® Unfortunately, we were not able to provide trime-
ster-specific OR estimates due to limitations in exposure data
regarding timing. Additional studies with proper comparisons on
the timing and severity of asthma will still be required to eluci-
date the possibility of a causal association between maternal
asthma and offspring ASD.2®

There have been few publications on the association between
paternal asthma ever and offspring ASD. Two studies by Mouridsen
et al and Larsson et al did not find any evidence of increased risk of

offspring ASD neither by maternal nor paternal asthma?®*°

although
both had limited statistical power. The current result showed a dif-
ference in the effect of maternal and paternal asthma. The signifi-
cant association of paternal asthma and offspring ASD was
attenuated when adjusting for familial factors, potentially indicating
a familial confounding between paternal asthma and ASD. However,
maternal asthma had similar effect estimates on offspring ASD when
comparing cases to unrelated individuals as when controlling for
some degree of genetic relatedness and other measured and unmea-
sured familial characteristics, by comparing cases to relatives of dif-
ferent degrees of relatedness. Two further scenarios may be
inferred: first, the association could be due to an observed differ-
ences in health-seeking behaviours of asthmatic mothers compared
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with those of non-asthmatic mothers, that is, an increased propor-
tion of ASD cases were incorrectly classified as controls among off-
spring of non-asthmatic mothers, however this seems unlikely since
the estimates remained among biological relatives with different
degrees of relatedness; second, the result can also indicate that
maternal asthma is independently associated with offspring ASD,
albeit the absolute risk changes related to maternal asthma being
small.

Although we cannot completely rule out a genetic association via
maternal inheritance of mitochondrial DNA! our results helped to
identify a possible causal association between maternal asthma and
offspring ASD. A possible biological mechanism is through immune
system dysregulation during pregnancy and the ensuing development
in offspring.3233 Recent animal studies have confirmed possible epi-
genetic modifications in the offspring's behavioural and cognitive
abnormalities due to maternal immune activation.®*3> Studies on
immune mediators including cytokines,® T cells®” and auto-antibo-
dies®® suggest several pathways to ASD through immune dysfunc-
tion, but these findings are inconclusive. Furthermore, asthma,
especially uncontrolled asthma, during pregnancy has also been

associated  with 3940

41-43

intermittent hypoxia and foetal growth

restriction, which are common risk factors for several psychiatric
and neurodevelopmental disorders including schizophrenia,***° bipo-

4647 ASD*4? and intellectual disability.*® However,

lar disorder,
adjusting for birth weight, premature delivery, and other pregnancy
and delivery-related factors as mediators, did not change the results.
There may nevertheless be other potential mediators that deserve
further investigation. For example, it has been proposed that
asthma-associated intermittent hypoxia might be a mediator in ASD

aetiology.”%>!

4.2 | Risk of offspring ASD by use of asthma
medication during pregnancy

Another potential mediator for the association between maternal
asthma and subsequent offspring ASD is the use of asthma medica-
tion during pregnancy. A few reports on long-term effects on off-
spring's neurodevelopmental outcomes showed inconsistent results

12,14,16

for B2-agonists and no effect for corticosteroids.?**2 Animal

studies suggest a link with p2-agonists (mainly terbutaline) to cere-

bellar abnormalities and behavioural impairment.*

A clinical study
reported a higher ASD concordance rate in dizygotic twins in moth-
ers treated with terbutaline due to preterm labour,’® which was
partly replicated in a case-control study.*? The twin sample, strict
timing, long durations and high doses of terbutaline exposure may
explain the positive findings in previous studies. However, compar-
isons from animals to humans should also be drawn with caution.
Our results did not suggest an association between prenatal expo-
sure to asthma medication and ASD when comparing cases to unre-
lated and full-sibling controls. Neither is there an evidence on
confounding by a history of asthma exacerbation before pregnancy.
One possible explanation could be that level of asthma severity and
symptom control during pregnancy confounded the association
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between medication use and ASD. The alternative explanation could
be that a true causal effect has been diluted by a non-differential
misclassification of asthma medication usage, as we observed a rela-
tively low percentage of asthmatic women with medications during

pregnancy (21%-22% in cases and unrelated controls).

4.3 | Strengths and limitations

In addition to the population-based nested case-control design, the
comparisons within extended families helped us control for unmea-
sured genetic and environmental factors shared by cases and their
family members.!® The study base identified from data linkage
between reliable registers and up to 21 years of follow-up is advan-
tageous for low selection bias and no recall bias.?2 The data sources
for case ascertainment have been previously validated showing gen-
erally high quality.2>>® No earlier study has investigated the associa-
tion of interest using more than 20 000 ASD cases, which allowed
us to report group-specific effects while accounting for measured
covariates including socio-demographic characteristics and family his-
tory of psychiatric disorders.

Some limitations of this study need to be addressed. First, the
coverage of some registers was incomplete during parts of the fol-
low-up. For example, maternal asthma during pregnancy might not
be identifiable in the registers if symptoms were not severe
enough, because diagnostic records at primary care centres during
the whole study period or mothers’ medication dispensing records
before pregnancy and after delivery among older children were not
retrieved. Nevertheless, the prevalence of ASD and asthma in our
study was similar to other publications using Swedish data?®°%>°
and sensitivity analyses based on children born during 2006-2007,
shortly after the SPDR was initiated, verified our main findings.
Second, it is difficult to draw conclusions on causal relationships
and biological mechanisms from observational data, although using
sibling and cousin controls allowed us to adjust for varying
amounts of shared familial factors as a way of exploring the impor-
tance of confounding from such factors. Still, it is unknown
whether we were able to control for all possible confounders, and
there are assumptions and limitations of the family-based designs,
for example, no carry-over effect and the way of choosing discor-
dant pairs, power issues and limited control on shared postnatal
environment for half-siblings, which can influence both the internal
and external validity of the results.!* Third, reverse causality cannot
be ruled out as our exposure measurement was parental asthma
ever. However, sensitivity analyses based on maternal asthma
before child birth gave results in line with our main findings.
Fourth, because no trimester-specific medication use was recorded
in MBR, our risk estimates for medication exposures were only
based on medication use anytime during pregnancy, and the pro-
portion of asthmatic women with medications during pregnancy
might be underestimated due to the incomplete information in the
registers.*® Fifth, some cases not captured in the NPR could be
misclassified as controls, which might have resulted in an attenua-

tion of OR if we assume the misclassification was non-differential
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by their parental asthma status. However, if cases and controls
were differentially misclassified (eg, different health-seeking beha-
viours among parent with or without asthma), it would be difficult
to predict the direction of the estimates. Finally, results on full-sib-
lings prenatally exposed to asthma medications may have limited
power to detect an association due to the low number of asth-
matic women with different asthma medication between pregnan-
cies. Future studies are still needed to evaluate on the role of
different medication uses during pregnancy.

In conclusion, we found an association between parental asthma
and offspring ASD, which might be crucial for the understanding of
the ASD aetiology in a subgroup of cases. The association between
maternal asthma could not be fully explained by measured con-
founders such as socio-economic and demographic factors, media-
tors including pregnancy and delivery-related factors, or unmeasured
familial factors such as genetics and shared environment, which indi-
cate the importance of investigating other maternal environmental
factors. For pregnant women with asthma, use of asthma medica-
tions during pregnancy did not seem to increase the risk of offspring
ASD, which further highlights the importance of surveillance and
monitoring of asthma in pregnancy. In comparison to the maternal
effect, the association between paternal asthma and offspring ASD
seemed to be confounded by unmeasured familial factors.
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